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Acidizing treatment in petroleum reservoirs is a short-term and viable strategy to preserve the
productivity of a well. There is a major concern for the degradation of cement sheath integrity,
leading to poor zonal isolation and environmental issues. Therefore, it is essential to understand
how the cement behaves when attacked by hydrochloric acid. In this study, a cement slurry by
incorporation of the Henna extract, as an environmentally friendly cement additive, was synthe-
sized as a potential solution to solve this problem. The characteristics of the treated cement slurry
were compared with a reference slurry (w/c ¼ 0.44) which is composed of only cement and water.
A kinetic study was carried out to evaluate the adsorption behavior of the cement slurries exposed
to an acid solution with 0.1 M HCl in a range of 25 to 55 C conditions. The features of the cement
slurries were evaluated by multiple analytical techniques such as XRD, FTIR, TG, and DSC analysis.
From the experimental data, it is concluded that the second-order Lagergren kinetic model revealed
to be the best in describing kinetic isotherms taken, because the margin between experimental and
calculated values was minor for this model. The results of the characterization and HCl interaction
kinetic studies underlined the prominent protective role of Henna extract-modiﬁed cement slurry
in the enhancement of the cement resistance against acid attack and utilization in environmentally
favorable oil well acidizing treatments.
Copyright © 2016, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Well cementing is a principal and substantial part among
activities for the construction of oil and gas wells. The cement is
pumped into the well, to be positioned in the annular space
between a metal casing and geological formations. The cement
sheath, in turn, has some responsibilities such as providing zonal
isolation, supporting the casing from corrosion attack induced bydeh).
troleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/baggressive ﬂuids, gas migration prevention, etc., along the
annulus [1,2].
If thecementsheathdoesnotmeet thesedemands, lossof zonal
isolation has negative impacts on the wellbore integrity and
consequently life of the well. Also, from the economic viewpoint,
decline in the hydrocarbon production rate and cost of remedial
cementing operation should be considered as vital concerns [3].
Hence, the oil and gas industries have been led to confront the
challenge of safety and catastrophic environmental problems. The
permanence of the materials used for the process of well
completion, especially cementing materials, is of superior signiﬁ-
cance to ensure long-termperformance. In the recent decades, the
researchers have paid special attention to the stability of wellbore
materials, especially on cement, in an effort to better anticipate the
inﬂuences of exposure condition experienced by cement. For
instance, degradation of well cement was evaluated for carbon
sequestration [4e9].ing by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
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employed in oil and gas reservoirs in order to produce at higher
rates. This operation is called well stimulation. Typically, for
carbonate reservoirs, hydrochloric acid (HCl) is used for stimu-
lation of the oil wells. In the common well stimulation proce-
dure, acid is injected into the well and is pushed into the nearby
subsurface geological formations. Acid ﬂuid reacts with acid-
soluble components such as calcium carbonate, magnesium
carbonate, etc. As the well cement is exposed to the acid, it will
dissolve and become vulnerable, at some time, deteriorated. This
way, if acidizing operation is performed on a well, it will be
considerable to understand how cement behaves in this harsh
environment. With regard to this concept that the cement will
react with acid solutions, multiple pathways are probably
created for the leakage of the formation ﬂuid. These provided
routes consist of leakage through the pores of the cement which
construct the primary cement in the well, migration along the
annular space between cement sheath and geological forma-
tions, traveling through the trajectory at the interface of the
casing and cement. The latter causes damage to the casing wall
and ﬂows into the wellbore and escapes upward into the well.
The probable leakage scenario is presented in Fig. 1.
The main corrosion aspect in oil and gas wells focuses not
only on the casing, but also corrosion occurs in the cement
slurries if adequate precautions are not taken. Proper slurry
design is of great concern in order to provide environmental
protection. However, ecological side effect impacts are an inev-
itable part of exploitation of oil and gas ﬁelds. As mentioned
above, several oil wells have been ascertained to exhibit ﬂuids
exchange problems that may cause contamination by the ex-
plosion of potable aquifers or even up to the surface. It is
attributed to reaction of set cement with acid. A great number of
scientiﬁc studies have been devoted to deterioration of cement
slurries exposed to CO2 environment and evaluations are well
documented in the literature [4e9]. However, published data on
exposure of the cement to the acid solution, are seldom and
scattered. The growing interest in wellbore integrity issues in
this condition has highlighted the requirement for more research
on the cement system that can sustain the acid attack. In this
way, the new solution is proposed to retain wellbore stability
through the long-term integrity of cementing materials. As a keyFig. 1. (A) Migration along the annular space between cement sheath and geological form
(C) well ﬂuid entering the annulus through a damaged casing and traveling up the insi
cement in the primary cement.opinion, incorporation of additives has potential solution in
practice to cope with environmental problems. The purpose of
this work is to achieve this solution. A few studies have been
dedicated to modify protective characteristics of cement slurries
by the addition of some additives resistant to aggressive envi-
ronments [10e13]. Surprisingly, to our knowledge, no study has
been performed by natural occurring substances.
In themargin of natural substances, plant extracts application
for a wide range of corrosion prevention has grown through the
recent decades and promised to further progressions [14e22].
So, ﬁnding naturally occurring substances as a readily available,
environmentally friendly, and renewable sources of materials is
of major practical subjects in the petroleum industry. Henna, a
plant, also has been referred to as “Lawsonia inermis”. This herb
has been used for centuries to remove stain from the skin and
hair. Its trait was attributed to the drying properties of its leaves.
Some researchers have deduced corrosion inhibition of Henna
extract in various aspects such as different metals and solutions
[23e28]. Also, recently, Moslemizadeh et al. [29] indicated the
swelling inhibition of Henna extract. However, the inhibitive
action of Henna extract as a cement additive in acidic media is
still unclear. Ostovari et al. [26] declared themain constituents of
Henna extract by gas chromatography and mass spectrometry
(GCeMS) analysis (see Fig. 2) and also GCeMS analysis was
performed after methanolysis with sulfuric acid and methanol
(see Fig. 3). It has been observed that the Henna extract contains
lawsone (2-hydroxy-1,4-naphthoquinone, C10H6O3), tannic acid,
gallic acid (3,4,5-trihydroxybenzoic acid, C7H6O5), and dextrose
(a-D-glucose, C6H12O6).
In this paper, a new cement slurry with the contribution of
Henna extract as a non-hazardous, readily available, and natu-
rally occurring substance cement additive was synthesized and
characterized. For comparison purposes, in the same manner,
reference cement slurry in the absence of Henna extract was also
prepared and tested. The features of the cement slurries were
analyzed by XRD, FTIR, TG, and DSC which were conducted to
gain better comprehension of the changes of samples before and
after acid attack. Additionally, the kinetic interaction of cement
slurries/HCl solution was evaluated and experimental data were
ﬁtted to the traditional Lagergren models, both pseudo-ﬁrst and
second order.ations, (B) traveling through the trajectory at the interface of the casing and cement,
de of the well, (D) well ﬂuid migration through the pores or pathways of the well
Fig. 2. Representative chromatogram and corresponding mass spectra of Henna extract. Peaks: 1, lawsone; 2, gallic acid; 3, dextrose; x, unknown [26].
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2.1. Materials
API class G oil well cement Norwell and distilled water were
used for preparation of the cement slurries. Fig. 4 displays the
scanning electron microscopy (SEM) image of the particles ofFig. 3. Representative chromatogram and corresponding mass spectra of Henna extract a
3, methyl gallate; 4, dextrose; 5, glucose; x, unknown [26].the cement powder utilized in this research. SEM image was
obtained on a ‘‘Leo 1455VP’’ instrument applying a test voltage
of 20 KV on dried cement powder. Also, the Henna extract
powder was used as a cement additive. Henna extract proper-
ties are given in Table 1. pH of the solution, distilled water in
this study, is a function of Henna extract concentration, as
shown in Fig. 5.fter methanolysis with sulfuric acid and methanol. Peaks: 1, lawsone; 2, gallic acid;
Fig. 4. SEM image of cement.
Fig. 5. pH of the solution (distilled water) which contain various concentrations of
Henna extract.
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In preparation of Henna extract, some stages were performed.
At ﬁrst, Henna leaves were crushed. Then, for extraction, theses
fragments were placed in boiling water for 2 h. Finally, after
ﬁltration of extract solution, it was concentrated through evap-
oration and continued until the residue was clearly separated
from the water phase. The solid residue powder was utilized to
prepare the desired concentration of Henna extract in order to
evaluate its performance on cement properties [26,27].
2.3. Preparation of cement slurries and curing
Cement slurries were prepared in accordance with the
American Petroleum Institute (API) Recommended Practice 10B
procedure [30]. It consists of mixing the Henna extract and water
for 1 min, subsequently cement was added during 15 s at
4000 rpm, then mixing for 35 s at 12,000 rpm. For comparative
purposes, the cement and water were used for synthesizing the
reference cement slurry (w/c ¼ 0.44). Immediately after mixing,
the slurries were transferred into the cubic molds with 5.08 cm
dimensions and cured for 3 days by curing chamber at temper-
ature and pressure of 187 F and 2500 psi, respectively. These
conditions were utilized for better simulation of well cement
samples, while other researchers have not considered this issue.
The cubic cement samples after removing from curing chamber
are shown in Fig. 6. The curing chamber was utilized for simu-
lating well conditions. Henceforward, the slurries were domi-
nated as reference slurry (cement þ water) and Henna extract
slurry (cement þ waterþ0.1% bwoc Henna extract).Table 1
Henna extract properties [29].
Product Total extract powder of Lawsonia inermis (henna)
Used part Leaves
Color Brown
Odor Speciﬁc odor
Solubility in water Soluble
Solubility in alcohol Soluble
PH value See Fig. 4
LOD (105 C/6 h) 5%
Total ash (550 C/4 h) 14.36%
Description Fine powder
Major applications Anti-corrosion, hair and skin pigments, shampoo2.4. Analytical techniques
The cement slurries prior and after exposure to acid solution
were analyzed by some complementary techniques that are
described as follows. Simultaneous thermal analysis (STA), also
known as coupling thermogravimetry (TGA) and differential
scanning calorimetry (DSC) analysis on one sample, were carried
out using about 15 mg of sample, under atmospheric air from 25
to 1000 C, in an STA PT 1600, from Linseis. X-ray diffraction
(XRD), with a CuKa radiation, analyses were performed in a
Philips PW 1800 diffractometer, in the 2q range 4 to 60
(accumulation rate 0.02 min1). Fourier transformed infrared
spectral data were acquired by a Brucker IFS 48, in the wave-
length range 400e4000 cm1.
2.5. Kinetic analysis
The interaction experiments were carried out by means of an
isothermal water bath, as shown in Fig. 7. The bath temperatureFig. 6. Cubic set cement samples: A) reference slurry, B) Henna extract modiﬁed
slurry.
Fig. 7. Water bath contains cement samples.
Table 2
The composition of the HCl solution.
Name Concentration (% volumetric)
Fresh Water 45.5
Corrosion inhibitor 0.6
Non-emulsiﬁer 0.5
Iron control 1
H2S scavenger 1.5
Friction reducer 0.4
HCl 28% 50.5
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mentioned range of temperature, the evaporation of HCl solution
will occur that results in HCl concentration reduction. Thus, a
pressurized device was needed that was not available. In addi-
tion, determination of HCl concentration under pressure may be
more difﬁcult. Also, the interaction rate of acidecement in-
creases with temperature increment and increasing HCl con-
centration. But, in these conditions the reactions expected to be
occurred are too fast. Thus, duration time of experiments until
achieving equilibrium is short and detection of HCl concentra-
tion over the course of experiments may not be possible. Hence,
this temperature range was selected for test condition.
Following completion of the curing process, the cubes were
removed from the molds and submerged in 400 ml of 0.1 M HCl
solution in a glass vessel at speciﬁed temperature. The HCl
concentration was determined in the solution by a Hatch pH
meter, over the course of the experiments until achieving equi-
librium. All the determinations were conducted in triplicate
runs, each with a fresh specimen and acid solution. The
adsorption amount of the acid was obtained using Eq. (1) [10,31]:
Qt ¼ ðCi  CtÞVm (1)
whereQt is deﬁned as the certain amount of acidic sorts per gram
of cement slurry at a given time t in mol g1, Ci is deﬁned as the
initial concentration of acidic sorts in mol L1, Ct is deﬁned as the
concentration of acidic sorts at a given time t mol L1, V is the
volume of the solution in liter and m is the mass of the cement
specimen in gram.
Also, besides the mentioned experiments, the weight loss test
was performed for better illustration of the effect of cement and
a strong acid interaction. This test was executed in accordance
with the procedure including; (1) Acid solution (15%Fig. 8. FTIR curves of reference slurryhydrochloric acid) was prepared. The composition of the acid
solution was presented in Table 2, (2) The set cement samples
were prepared and cured in plastic cups at atmospheric condi-
tion. Then, they were submerged in acid solution, (3) Samples
were removed from the solution at speciﬁc times. Next, they
were washed by water and dried, (4) The weights of samples
were recorded.
3. Results and discussion
3.1. Well cement chemistry
Portland cement is constructed from raw materials which
supply calcium and silica. In general, limestone as a naturally
occurring calcium carbonate contributes calcium. Silica is ob-
tained from shale and clays sources. In addition, clays contribute
alkalis, iron oxide (Fe2O3), and alumina (Al2O3). These materials,
at the desired proportions, are combined and crushed and then
are heated. Gypsum is added to the resulting clinker after cooling
to prevent ﬂash set [6]. Cement usually comprises four major
crystalline components which are based upon portland cement
compositions: (1) tricalcium silicate or alite (Ca3SiO5, or C3S), (2)
dicalcium silicate or belite (Ca2SiO4, or C2S), (3) tricalcium
aluminate or aluminate (Ca3Al2O6, or C3A), and (4) tetracalcium
aluminoferrite or frerrite (Ca4Al2Fe2O10, or C4AF) [6,13].
Cement hydration is deﬁned as a reaction of cement with
water. The hydration products are formed as the constituents of
cement are mixed with water. As a result of C3S and C2S inter-
actionwith water, the principal products of cement hydration are
calcium silicate hydrate, known as CeSeH, and calcium hy-
droxide (Ca(OH)2), known as portlandite. CeSeH is in reality a
semi-amorphous gel-like material and portlandite is the crys-
talline phase of the hydrated cement. Each of cement compo-
nents incorporates in hydration reactions, but the rate of
hydration can differ for each component [13,32].
3.2. Samples characterization
Characterization feature of the cement slurries modiﬁed in
this research was declared by multiple techniques such as FTIR,
TG, DSC, and XRD analysis. These features can provide beneﬁcial
information in order to identify microstructural alterations. The
FTIR spectra of the reference slurry and Henna extract slurry,
both before and after acid attack, are presented in Figs. 8 and 9.
Nevertheless, OH-stretching interpretation in the region ofbefore and after HCl interaction.
Fig. 9. FTIR curves of Henna extract slurry before and after HCl interaction.
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presence of broad bands.
For the reference slurry, the band centered at 458 cm1 is due
to the OeSieO bending vibrations which is affected by the
presence of neighboring positions and OeSieO angle. Calcium
carbonate divided into the three polymorphs included calcite,
vaterite, and aragonite, which can be discriminated by FTIR.
According to the theory, calcium carbonate bands can be detec-
ted in the region of 1420 and 850 cm1. In this manner, the band
at 868 and 1422 cm1 shows the presence of aragonite [33]. The
presence of the band at around 1097 cm1 is due to the
stretching vibration of SieO of the SiO4 tetrahedral components,
distinguishing the presence of CeSeH mixtures. Moreover,
aluminosilicate or SieOeAl bonds relating to possible occurring
of condensation reaction of AleOH group and SieOH can be
observed. Nevertheless, the band at around 1000 cm1 of
ettringite generally overlapped by SieO stretching bonds. The
small narrow band centered at 3650 cm1 is associated with
CaeOH vibrations of portlandite. The broad bands appearing at
3601 and 1650 cm1 are due to the OeH groups stretching vi-
brations of H2O or hydroxyls of hydrated product with a broad
range of hydrogen bonding strength [10,33].
As the cement specimens were exposed to HCl attack, the
mid-IR bands alter partially in frequency and/or intensity due to
silicate reaction [33]. The peaks at 1097 and 3650 cm1 propose
progressive silicate depolymerization and partial leaching ofFig. 10. XRD proﬁles of reference slurportlandite, respectively [10,34]. Therefore, it is suggested that
the addition of Henna extract causes a modiﬁcation of cement
microstructure. However, recognition of the Henna extract
within the cement samples is crucial. It is due to a small amount
of Henna extract in the cement matrixes. Moreover, possible
hydrogen bonding between the cement phases with Henna
extract components causes attenuation of the sharp peak at
3650 cm1. It may be declared as an indication of the partial
inhibition of the Henna extract on the formation of portlandite
along the hydration of Henna extract slurry. Generally, the FTIR
spectra of Henna extract slurry after HCl interaction is more
similar to Henna extract prior exposure to HCl attack. This is
evident in the fact that Henna extract has a potential protective
effect in order to increase resistance of cement slurries against
the leaching out the chemical constituents by HCl interaction.
The X-ray diffraction, XRD, proﬁles of the reference and
Henna extract slurries before and after HCl interaction are pre-
sented in Figs. 10 and 11, respectively. XRD is a distinguished
methodology in studying hydrated cement and is used to iden-
tify crystalline phases within cured cement. However, determi-
nation of hydration products is difﬁcult due to overlap or
coincidence of various mineral reﬂections peaks [10,13].
Traditionally, the principal compounds of hydrated cement
pasted products are portlandite (CH, calcium hydroxide), AFt
(ettringite), and amorphous and semi-crystallized CeSeH (cal-
cium silicate hydrate) [35,36]. For the reference slurry, theries before and after acid attack.
Fig. 11. XRD proﬁles of Henna extract slurries before and after acid attack.
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follows. The portlandite [Ca(OH)2] peaks at 18 (2q) are apparent
in the XRD spectra. It shows the formation of CaCO3 (calcite) and
C3SH (b-tricalcium silicate [Ca6Si2O7(OH)6]) with 2q ¼ 28, and
AFt (ettringite [3CaO$Al2O3$3CaSO4$32H2O]) with 2q¼ 34. Also,
the peak at 47 (2q) is assigned to the presence of a mixture of
C2SH (a-dicalcium silicate, [Ca2SiO4$H2O]) and portlandite
[10,12,13,37]. In addition, it leads to the formation of tobermorite
which is a well-known strength retrogression inhibition agent
within the harden oil well cement slurries [Ca5Si5Al(OH)
O17$5H2O], and a mixture of aragonite and calcite (2q ¼ 28, 32,
and 52) [12]. For Henna extract slurry, a comparatively similar
XRD proﬁle was detected. However, in the presence of Henna
extract, better crystalline feature (less noise) was detected, and
also X-ray intensities were affected.
Several characteristics of the microstructure of the cement
slurries have altered after acid interaction. As shown in Fig. 10,
the crystalline aspect of the reference slurry was reduced
signiﬁcantly after HCl attack. In contrast, the XRD proﬁle of the
Henna extract slurry after acid attack is approximately similar in
relation to XRD diffractogram of the Henna extract slurry before
exposure to acid, as presented in Fig. 11. It is also observed that
the Henna extract slurry persists its basic morphological fea-
tures, even after acid interaction. The cement slurry has a pH
value of approximately 13, whereas the HCl acid that is used hasFig. 12. TG curves of reference slurries before and after acid attack.a pH value of 1. Thus, there is an intense pH gradient between the
acid solution and cement specimens. Moreover, the dissolution
and stability of the cement phases such as portlandite (calcium
hydroxide) with pH stability around 12e13, CeSeH with pH
stability around 10e11, and ferrite with pH stability of 4e7 were
affected by pH value. This way, cement phases can be dissolved
as a result of pH reduction [38,39]. The results seem to indicate
that cement phases of the slurries were dissolved due to expo-
sure to HCl. It becomes obvious by decreasing the intensity of the
XRD peaks.
Thermal analysis proved to be a beneﬁcial tool to determine
cement phases quantitatively and analyze them. From the XRD
technique, the crystalline phases only are identiﬁed. In addi-
tion, the portlandite content of hydrated cement slurries can be
quantiﬁed by this method. However, mineral constituents
identiﬁcation and quantiﬁcation are difﬁcult due to coinciding
process [40]. The TG plots of reference and Henna extract
cement slurries before acid interaction are shown in Figs. 12
and 13 along with the corresponding after acid attack plots.
As cement slurries have been encountered to heat, a contin-
uous mass loss sequence has been occurred. TG curve of the
reference slurry before HCl interaction depicts ﬁve principal
mass loss transitions. The mass loss between room temperature
until approximately 120 C is associated to the evaporation of
adsorbed water part. At a temperature range of 120e190 C,Fig. 13. TG curves of Henna extract slurries before and after acid attack.
Fig. 14. DSC curves of reference slurries before and after acid attack. Fig. 16. Adsorption proﬁle of HCl on the reference slurry as a function of time at
different temperatures. Initial [HCl] ¼ 0.1 mol L1.
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tion and also due to the carboaluminte hydrates partial de-
compositions. The mass loss that has occurred between 190 C
and 420 C attributed to the loss of bound water corresponding
to the carboaluminate hydrates and CeSeH decompositions.
The mass loss between 420e475 C and 475e700 C, is related
to the portlandite dehydration and carbonate phases (generally
calcium carbonate) decomposition, respectively [10,13]
(Fig. 13).
From the TG plots of cement slurries, the portlandite content
was calculated as follows, described by Eq. (2) [13,40]:
CaðOHÞ2ð%Þ ¼
DCaðOHÞ2ð%Þ MWCaðOHÞ2
MWH2O
(2)
where Ca(OH)2 denotes the portlandite content, DCaðOHÞ2 is
deﬁned as weight loss seen in the TG curves related to the por-
tlandite dehydration, MWCaðOHÞ2 and MWH2O are the molecular
weight of portlandite and water, respectively.
For the reference slurry and Henna extract slurry, the por-
tlandite content was found to be 13.16%. After acid attack, for
reference slurry, it can be clearly observed that the portlandite
content was decreased to 6.58%. However, for Henna extract
slurry, the content of portlandite just slightly reduced to 11.51%.Fig. 15. DSC curves of Henna extract slurries before and after acid attack.The results obtained suggest that the portlandite morphology in
cement matrix is affected after acid interaction. As portlandite is
a weak phase in the cement matrix [40], it can be postulated
that the strength of the cement matrix is enhanced by the
Henna extract addition. The DSC plots of reference and Henna
extract cement slurries, both before and after acid interaction
are shown in Figs. 14 and 15. From the DSC curve of reference
slurry, the endothermic peaks, located approximately at
50e200 C, and also 420e500 C have been related to the
physical and chemically combined water evaporation present in
calcium silicate hydrates and dehydroxilation of portlandite
[11,12,31]. On the other hand, after HCl interaction, the change
in the DSC curve is associated with compositional differences.
All these conclusions from FTIR, XRD characterization, and
thermal analysis (TG/DSC) plots are identically consistent
together. Because the cement samples were cured under high
pressure and temperature, the curves of analysis are approxi-
mately similar. However, the results observed herein are more
realistic than other works in the literature, which samples were
prepared at atmospheric pressure. The results obtained to those
of kinetic studies demonstrate the potential of the Henna
extract to improve the resistance of cement slurries against HCl
attack.Fig. 17. Adsorption proﬁle of HCl on the Henna extract slurry as a function of time
at different temperatures. Initial [HCl] ¼ 0.1 mol L1.
Fig. 18. Cement samples after the end of the test at 25 C for: A) reference slurry,
B) Henna extract slurry.
Fig. 20. Pseudo ﬁrst order kinetic curves for the interaction of HCl with reference
slurry (above) and Henna extract slurry (below).
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The HCl adsorption amounts on the reference slurry and
Henna extract slurry as a function of time were presented in
Figs. 16 and 17, respectively. As was presented in Figs. 16 and 17,
the amount of acid adsorbed increased as a function of contact
time, followed by a plateau after equilibria interaction achieve-
ment in relation to temperature. In general, the temperature
increment causes increase in HCl interaction. The type of the
cement composition is one of the factors that is affected the rate
of cement slurries corrosion in acidic solutions [41].
It becomes clear from Fig. 16 that the amount of adsorbed HCl
on control slurry increased from 25 to 55 C, as expected.
However, it is worth to be mentioned that the amount of
adsorbed HCl on Henna extract slurry increased from 25 to 45 C,
but decreased from 45 to 55 C, as is shown in Fig.17. ComparisonFig. 19. Cement samples after end of the test at 55 C for: A) Henna extract slurry,
B) reference slurry.of the amounts of HCl adsorption between control slurry and
Henna extract, at the same temperature, indicates that the
addition of Henna extract causes the amount of HCl adsorption to
be reduced. This effect is more obvious at temperature of 55 C.
The results seem to indicate that Henna extract profoundly af-
fects the cement resistance in acidic medium, as was presented
in the characterization part of this research. Samples of reference
slurry and Henna extract slurry after equilibrium interaction
achievement at 25 and 55 C were presented in Figs. 18 and 19,
respectively. Comparison between the ﬁgures indicates the
obvious effect of temperature change, even to 55 C.Table 3
Values of the parameters of the ﬁrst order kinetic model and correlation
coefﬁcients.
Slurry Temperature
(C)
K1
(min1)
Qe (103 mol g1) r2
Reference 25 0.0108 10 0.947
35 0.0084 12.2 0.8981
45 0.0141 6.83 0.9357
55 0.0237 3.6 0.9831
Henna
extract
25 0.0111 10.69 0.9427
35 0.0087 13.62 0.9139
45 0.0238 4.35 0.9745
55 0.0259 2.62 0.9665
Fig. 21. Pseudo second order kinetic curves for the interaction of HCl with refer-
ence slurry (above) and Henna extract slurry (below).
Fig. 22. Cement sample after removing from the cell and before washing.
A.H. Aghajafari et al. / Petroleum 2 (2016) 196e207 205Generally, at solid/solution interfaces, several interaction
processes occurred which can be divided into two stages: (1)
adsorption of the solution by solid surfaces due to transportation,
(2) diffusion of the adsorbed species through the pore spaces.
However, various interaction kinetic rates can be observed by the
both of the processes mentioned in relation to distinct temper-
ature of adsorption [11,12].
Prediction of the kinetics of interactions in solid and solution
interfaces by kinetic interaction modeling is one of the utmost
decisive factors for beneﬁcial analysis. In this paper, alternative
Lagergren equations are used, as in the most of the adsorption
kinetics studies. The pseudo ﬁrst order Lagegren model,
described in Eq. (3), is utilized here [42]:Table 4
Values of the parameters of the second order kinetic model and correlation
coefﬁcients.
Slurry Temperature
(C)
K2
(min1)
Qe (103 mol g1) r2
Reference 25 0.0208 1.64 0.9922
35 0.0290 1.7 0.9957
45 0.0207 2.48 0.9966
55 0.0105 2.88 0.9920
Henna
extract
25 0.0246 1.56 0.9962
35 0.0323 1.61 0.9982
45 0.0163 2.67 0.9985
55 0.0054 2.93 0.9793dQt
dt
¼ k1ðQe  QtÞ (3)
where Qe and Qt are the amounts of adsorbed acid species at
equilibrium and at given time t, respectively; k1 denotes the ﬁrst
order kinetic rate constant. Modiﬁcation of Eq. (3) through def-
inite integrating by initial conditions Qt¼ Qt at t ¼ t and Qt ¼ 0 at
t ¼ 0 results in Eq. (4):
lnðQe  QtÞ ¼ lnðQeÞ  k1t (4)
The validation of this model is normally checked by the linear
plot of ln(Qe  Qt) versus t, as presented in Fig. 20 for reference
and the Henna extract slurries. It can be found that the values of
pseudo ﬁrst order kinetic rate constant “k1” was obtained from
the slopes of straight lines. Also, the intersections of the lines
passed through the data provided the ln(Qe). The parameters of
the ﬁrst order kinetics model for both reference and Henna
extract slurries, at different temperature of 25e55 C, are given
in Table 3.
Moreover, pseudo second order Lagergren equation is also
used in this study, which is deﬁned as follows:
dQt
dt
¼ k2ðQe  QtÞ2 (5)
where k2 denotes the second order kinetic rate constant. Eq. (6) is
obtained by integrating and applying initial conditions to Eq. (5),
as shown below:Fig. 23. Cement sample after drying: A) reference slurry, B) Henna extract slurry.
Fig. 25. The chemical structure of lawsone.
Fig. 24. Weight loss of cement samples.
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Qe  Qt ¼
1
Qe
þ k2t (6)
or in the equal form,
t
Qt
¼ 1
k2Q2e
þ 1
Qe
t (7)
The validation of this model is normally checked by the linear
plot of (t/Qt) versus t, as is presented in Fig. 21 for reference and
the Henna extract slurries. Compared to Eq. (6), Eq. (7) has a
beneﬁt that amount of HCl adsorbed at equilibrium time “Qe”
and second order constant rate “k2” can be detected from the
slope and intercept of the straight line shown in Fig. 21. In
addition, there is no requirement to know the Qe parameter [43].
The parameters of the second order kinetics model for both
reference and Henna extract slurries, at different temperatures of
25e55 C, are presented in Table 4. The results seem to indicate
that the kinetic interaction of both reference and Henna extract
slurries was better described by pseudo second order Laergren
model due to the better linear ﬁtting (r2 values up to 0.9985).
The weight loss tests were performed using cement samples
of reference slurry and Henna extract slurry. Fig. 22 shows the
cement sample after removal from the cell and before washing.
The cement samples after drying are shown in Fig. 23. The resultsFig. 26. Dissociation of Laof these experiments were presented in Fig. 24. As can be seen,
the weight losses of reference slurry were higher than Henna
extract slurry. Thus, while the solution contains different types of
acid additives the attack of acid on cement was occurred,
vigorously.
3.4. Probable protective mechanism
Henna extract contains high number of components. So,
identiﬁcation of Henna extract action mechanism is difﬁcult.
However, in this part, according to the available results in the
literature and also the results obtained in this paper, an attempt
is performed to explain a justiﬁable mechanism for inhibitor
function of Henna extract against HCl attack. As mentioned,
Henna extract consists of the principle components such as
lawsone, tannic acid, dextrose, and gallic acid, which structure of
most of them include hydroxyl groups [26].
As the Henna extract was dissolved in water, the pH of the
solution was deceased because of the hydrogen ions separation
from hydroxyl groups (especially at <0.2% mass [29]), as shown
in Fig. 5. As the Henna extract concentration was increased, the
pH reduction was retarded and approximately stopped at higher
concentration (>1.5% mass [29]) that indicates the equivalent
point.
The hydroxyl group that loses hydrogen ions obtains the
negative charge in the Henna extract solution, which in turn
leads to form insoluble complex compounds that are adsorbed
on cement surface. Traditionally, the phenomenon of complex
formation is affected by the chemical structure of Henna extract
constituents and the nature of cement.
It seems that this complex formation could be more attrib-
uted to the lawsone as major component due to higher amount
of this component in Henna extract. This molecule is a ligand
that is capable of forming complex compounds by the chelation
with different metal cations [26]. The chemical structure of
lawsone is shown in Fig. 25.
In the case of lawsone, separation of hydrogen ion that leads
to generation of negative ions is shown in Fig. 26, as a result of
dissolving Henna extract in water.
Therefore, it is concluded that the most possible mechanism
of Henna extract interaction is complex formation. It can be
explained by the formation of Ca-complex through the chelation
of lawsone onto the positively charged surface of cement hy-
drated (Caþ2), as shown in Fig. 27. This is meanwhile that El-Etre
et al. [23] reported that in the alkaline medium tannin
complex can be formed. Also, the effect of other components of
Henna extract cannot be ignored.
4. Conclusions
In this study, a novel Henna extract-modiﬁed cement slurry
was synthesized. The features of the treated cement slurry werewsone in water [44].
Fig. 27. Structure formulas of the formed complex compounds.
A.H. Aghajafari et al. / Petroleum 2 (2016) 196e207 207evaluated in relation to a reference slurry. Characterization
techniques including FTIR, XRD, TG/DSC analysis have pointed
out that Henna extract improves the cement resistance against
HCl attack. The kinetic data of the interaction between cement
slurries with acid solution were best ﬁtted to the second-order
Lagergren kinetic model. In addition, analysis of the kinetic
studies suggested that Henna extract cement slurry has better
performance at higher temperature. The results of character-
ization and kinetic studies of the acid interaction, underlined the
predominant protective role of Henna extract-modiﬁed cement
slurry, from chemical viewpoint, to be utilized in environmen-
tally favorable oil well acidizing treatments.Acknowledgment
The author wishes to thank National Iranian Drilling Com-
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